Abstract
The Ca 2+ activated K + channel K ca 3.1 is expressed in a variety of tissues. In the gastric gland it is expressed in the basolateral cell membrane. To determine the functional significance of K ca 3.1 activity for gastric acid secretion, gastric acid secretion was determined in isolated glands from gene targeted mice lacking functional K ca 3 3 .1 is expressed in several tissues and participates in the regulation of diverse functions [1] [2] [3] [4] . A functional role of K ca 3.1 during gastric acid secretion has, however, not been explored.
Proton secretion in gastric glands is accomplished by the H [9] [10] [11] . Accordingly, gastric acid secretion is abolished by genetic knockout of KCNQ1 [12] . The channels are activated by cAMP 16], which thus stimulates gastric acid secretion [6, 8, 17] .
The present study explored, whether K ca 3.1 contributes to the regulation of gastric acid secretion. To this end, gastric acid secretion was determined in gene targeted mice lacking functional K ca 3.1 and their wild type littermates.
Materials and Methods

Animals
The K ca 3.1 deficient mice were described earlier [18] . Sex and age matched mice with age more than 3 months were used for the experiments. All animal experiments were conducted according to the German law for the care and use of laboratory animals and were approved by local authorities.
Treatments
Mice had free access to a standard mouse diet (C1310, Altromin, Lage, Germany) and tap water. Effects of histamine (100 µM), carbachol (100 µM), DCEBIO (100 µM) or Tram 34 (1 µM) were determined by adding the substances directly to the perfusing solutions at the indicated final concentrations. The substances were obtained from Sigma (Taufkirchen, Germany). The stock solutions of DCEBIO and Tram 34 were prepared in DMSO, whereas histamine and carbachol were dissolved in distilled water. Sham experiments were performed by adding DMSO or plain distilled water to the perfusing solution at a final dilution of 0.1 %.
Determination of serum gastrin and histamine
To determine the serum gastrin and histamine levels, the animals were fasted overnight for 16 hours with free access to tap water. About 150 µl of blood specimens were withdrawn into heparinized hematocrit capillaries by retro-orbital puncture during light anesthesia with diethylether (Roth, Karlshue, Germany). Total serum gastrin concentrations were determined by a RIA kit (DiaSorin, Dietzenbach, Germany) and serum histamine concentrations by an ELISA kit (IBL international, Hamburg, Germany) according to the manufacturer's instructions.
Gastric H + secretion
For isolation of gastric glands animals were fasted for 16 hours prior to experiments on wire grids with free access to tap water. After sacrificing the animals the stomach was removed and cut longitudinally. After washing with standard HEPES solution the fundic and pyloric regions were discarded and the gastric corpus was sliced into 0.3 cm 2 sections. The tissues were transferred onto the cooled stage of a dissecting microscope and individual glands were carefully detached from the gastric wall by snapping off the tissue using sharpened microdissection tweezers. Care was taken not to touch the apical part of the glands. The glands were attached to a glass coverslip precoated with Cell-Tak adhesive (BD Biosciences).
The solutions, flow lines and perfusion chamber were maintained at 37°C by a thermostatically controlled heating system. The volume of the perfusion chamber was 600 µl and the flow rate was 4 ml/min for all solutions. For digital imaging of cytosolic pH i isolated individual glands were incubated in a HEPES-buffered Ringer solution containing 10 µM BCECF-AM (Molecular Probes, Leiden, The Netherlands) for 15 min at 37°C. After loading, the chamber was flushed for 5 min with Ringer solution to remove any deesterified dye sticking to the outside of the glands. The perfusion chamber was mounted on the stage of an inverted microscope (Zeiss Axiovert 135), which was used in the epifluorescence mode with a 40 x oil immersion objective (Zeiss Neoplan, Germany). BCECF was successively excited at 490/10 and 440/10 nm and the resultant fluorescent signal was monitored at 535/10 nm using an intensified chargecoupled device camera (Proxitronic, Germany) and specialized computer software (Metafluor, USA). Between 8 and 20 parietal cells were outlined and monitored during the course of the measurements. The results from each cell were averaged and taken for final analysis. Intensity ratio (490/440) data were converted into pH values using the high-K + /nigericin calibration technique [19] . To this end the glands were perfused at the end of each experiment for 5 minutes with standard high-K + /nigericin (10 µg/ml) solution (pH 7.0). The intensity ratio data thus obtained were converted into pH values using the r max , r min , pK a values previously generated from calibration experiments performed in isolated gastric glands to generate a standard nonlinear curve (pH range 5 to 8.5). The intensity ratio data were converted into pH values using the following equation: pH = pK a [log((ratio test /ratio pH 7.0 )-r min )/ (r max -(ratio test /ratio pH 7.0 ))].
For acid loading, cells were transiently exposed to a solution containing 20 mM NH 4 Cl leading to marked initial alkalinization of cytosolic pH (pH i ) due to entry of NH 3 To calculate the ΔpH/min during re-alkalinization, a manual linear fit was placed over a narrow pH range (pH 6.7 to 6.9) which could be applied to all measured cells.
The solutions were composed of (in mM): standard HEPES: 115 NaCl, 
Determination of pH and acid content of the gastric lumen
The pH of the luminal stomach contents depends on the amount of acid secreted. Activation of gastric gland leads to decrease in luminal pH and conversely inhibition leads to increase in pH. The luminal pH of the overnight fasted mice therefore serves as a useful indicator of basal gastric acid secretion. To determine the basal intraluminal pH, a previously described method was slightly modified and used [22] [23] [24] . Briefly, the mice were fasted overnight on wire grids with free access to tap water and sacrificed under slight ether anaesthesia. The whole stomach was then carefully removed and cut open and the luminal contents were collected by washing the stomach with 10 ml unbuffered isotonic sodium chloride solution (containing additionally 5 mM KCl and 10 mM glucose). The washings were then centrifuged at 150 g for 5 minutes to remove the particulate matter and the pH of the supernatant solution was measured by a standard pH meter (Knick, Germany). The acid content in the solution was measured by titration of the above obtained supernatant solution with 0.01 N NaOH to an endpoint of pH 7.0 by monitoring the pH with a pH meter and additionally adding a universal pH indicator (Sigma, Taufkirchen, Germany) to the solution. The acid content thus obtained was then corrected by the acid content of the blank isotonic sodium chloride solution and used for further statistical analysis.
Real-Time Reverse transcription-PCR (RT-PCR, Light Cycler)
Total RNA was extracted from mouse tissue in Trizol (Peqlab, Erlangen, Germany) according to the manufacturer's instructions. After DNAse digestion reverse transcription of total RNA was performed using random hexamers (Roche Diagnostics, Penzberg, Germany) and SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA). Polymerase chain reaction (PCR) amplification of the respective genes were set up in a total volume of 20 µl using 40 ng of cDNA, 500 nM forward and reverse primer and SensiMixTM Lite Kit (Quantace Bioline GmbH, Luckenwalde, Germany) according to the manufacturer's protocol. Cycling conditions were performed as follows: initial denaturation at 95°C for 5 min, followed by 40 cycles of 95°C for 30 sec, 55°C for 30 sec and 72°C for 30 sec and terminal elongation at 72°C for 5 min. For the amplification we used the following primers (5'->3'orientation): Kcnq1, fw GCC ACC ATC AAG GTC ATC AG rev TGA CAT CTC GCA CGT CGT AG; Atp4b, fw CCC AAT GGC ACC TTC AGT CT rev GGA GCT TGG CTG CCA CC; Tbp, fw CAC TCC TGC CAC ACC AGC TT rev TGG TCT TTA GGT CAA GTT TAC AGC C.
Specificity of PCR products was confirmed by analysis of a melting curve. Real-time PCR amplifications were performed on a Light Cycler (Roche Diagnostics) and all experiments were done in duplicate. Amplification of the house-keeping gene Tbp was performed to standardize the amount of sample RNA. Relative quantification of gene expression was performed using the Δct method as described earlier [25] .
Statistics
Intracellular pH, pH recovery and buffer capacity of all parietal cells from one gland were averaged and the respective mean values were used for further statistical analysis. Data are provided as arithmetic means ± SEM, n represents the number of mice used. All data were tested for significance using Student´s t-test with Welch´s correction or ANOVA (Dunnets test), where applicable, and only results with p < 0.05 were considered statistically significant.
Results
To study the functional significance of the Ca (Fig. 1) .
BCECF fluorescence was employed to determine cytosolic pH. Basal cytosolic pH prior to the ammonium pulse was similar in isolated gastric glands from K ca 3 The Na + -independent pH recovery following an ammonium pulse (ΔpH/min) was taken as a measure of H + /K + ATPase activity. As illustrated in Fig. 2 , ΔpH/min was significantly (~ 2-fold) faster in gastric glands from K ca 3.1 -/-mice than in gastric glands from K ca 3.1 +/+ mice. Omeprazole (100 µM) treatment virtually abolished the ΔpH/min in both genotypes and abrogated the differences between the genotypes (Fig. 2) .
To Fig. 3 , the pH of the solution (3.9 ± 0.6 ng/ml, n = 9) mice. To elucidate the effect of secretagogue treatment on the gastric acid secretion, further experiments were conducted in the glands treated with histamine or fig. 2 ) and presence of respective secretagogue treatment. carbachol. Treatment of gastric glands with 100 µM histamine or with 100 µM carbachol was followed by an increase of ΔpH/min in both genotypes. In the presence of carbachol but not in the presence of histamine ΔpH/ min remained significantly higher in K ca 3.1 -/-mice than in K ca 3.1 +/+ mice (Fig. 5) . The difference between the genotypes was thus abolished in the presence of histamine but not in the presence of carbachol.
To further elucidate the role of K ca 3.1 channels in the regulation of gastric acid secretion, the gastric glands were treated with the specific K ca 3. Table 1) .
Finally experiments were also performed in gastric glands from K ca 3.1 -/-mice following treatment with carbachol in presence and absence of DCEBIO (100 µM). However, DCEBIO treatment did not have any significant effect on the carbachol induced gastric acid secretion (Table 1) .
Discussion
The present study discloses a novel mechanism regulating gastric acid secretion. Gastric acid secretion is enhanced in gene targeted mice lacking the intermediate conductance Ca 2+ activated K + channel K ca 3.1. Accordingly, K ca 3.1 activity apparently blunts the gastric acid secretion. K ca 3.1 has been reported to be inserted into the basolateral membrane [26] . Activation of K + channels in the basolateral membrane is expected to hyperpolarize that cell membrane. Considering the permeability of the paracellular shunt [27] , the hyperpolarization of the basolateral cell membrane leads to a circular current hyperpolarizing the apical membrane. The hyperpolarisation of the apical cell membrane in turn limits the electrochemical driving force for K + exit into the gastric lumen (Fig. 7) . To the extent that opening of basolateral K + channels hyperpolarizes both, basolateral and apical membrane potential, the activation of K ca 3.1 could thus decrease the K + exit across the apical cell membrane through KCNQ1. Along those lines, an increase of extracellular K + concentration to 35 mM is expected to depolarize the cell membranes thus enhancing K + exit across the apical membrane. K + recycling through KCNQ1 has previously been shown to be critically important for the stimulation of gastric acid secretion [12] . The basolateral cell membrane harbours in addition Cl -channels [28] , which on the one hand similarly affect cell membrane potential and on the other render cytosolic Cl -activity sensitive to alterations of cell membrane potential.
It should, be pointed out, however, that K ca 3.1 may, at least in theory, influence the regulation of gastric acid secretion by other mechanisms such as altered release of secretagogues. The plasma levels of gastrin and histamine were, however, rather decreased in K ca 3.1 deficient mice, an observation explained by the enhanced luminal acidity in the stomach of those mice.
The role of K ca 3.1 appears at first glance counterintuitive, as increase of cytosolic Ca 2+ activity is well known to stimulate gastric acid secretion [8] . Possibly, the stimulatory effect of increased cytosolic Ca and cAMP [8, 29, 30] , phosphoinositide 3 kinase (PI3K) dependent signaling participates in the regulation of gastric acid secretion [31] [32] [33] [34] .
In conclusion, the gastric acid secretion is significantly enhanced in K ca 3 
